A digital PCR approach has recently been suggested to detect greater amounts of cell-free fetal DNA in maternal plasma than conventional real-time quantitative PCR (qPCR). Because the digital qPCR approach uses shorter PCR amplicons than the real-time qPCR assay, we investigated whether a real-time qPCR assay appropriately modified for such short amplicons would improve the detection of cell-free fetal DNA.
The analysis of cell-free fetal DNA in maternal serum and plasma is currently the method of choice for the noninvasive determination of fetal genetic traits (1 ) . Real-time quantitative PCR (qPCR) 4 is used for the majority of these analyses, because this method is amenable to automation, provides data in a real-time manner, and, by being a closed system, is less prone to contamination than conventional PCR methods with longer amplicons (1, 2 ) . Alternatives that are being explored and gaining in importance are mass spectrometry of primer-extended PCR products, digital PCR, and shotgun sequencing (3, 4 ) .
To date, clinical applications have centered largely on the rather facile detection of fetal genetic loci completely absent from the maternal genome, such as the determination of fetal sex in pregnancies at risk for X-linked disorders or the fetal Rhesus D genotype in pregnancies at risk for hemolytic disease of the fetus and newborn. This centering by clinical applications has occurred because the detection of other, more subtle genetic differences between mother and fetus is rendered more complex on account of the preponderance of maternal cell-free DNA sequences (1, 2 ) .
Because real-time qPCR also provides a quantitative answer, this approach has been used in a number of studies to determine the concentration of cell-free fetal DNA in maternal plasma samples. In general, these studies have indicated much higher concentrations of cell-free fetal DNA than those of rare circulating fetal cells, but they are still quite low, approximately 1%-3% early in pregnancy and progressing to approximately 5% at term. Through the use of this technology, measurements of increases in cell-free fetal DNA concentrations have also revealed a number of pregnancy-related conditions or disorders, including preeclampsia, pregnancies at risk for preeclampsia, preterm labor, and fetuses with certain aneuploidies, particularly trisomy 21.
Most of these studies have relied on the use of a real-time qPCR assay for the single-copy SRY (sex determining region Y) gene on the Y chromosome. Subsequent investigations have indicated that the accuracy of these quantitative (and qualitative) assessments is markedly improved through the use of a real-time qPCR assay for the multicopy DYS14 sequence on the Y chromosome (5 ) . Consequently, such assays are now frequently used for the determination of fetal sex, especially for samples obtained early in pregnancy (6 ) .
A recent study with digital PCR, a procedure that individually monitors numerous PCR reactions, indicated that the concentration of cell-free fetal DNA may be greater, perhaps more than twice that previously surmised with the use of real-time qPCR (7 ) . Although absolute quantification by digital PCR is considerably more precise than analog real-time qPCR measurements, there is a discrepancy between the 2 qPCR assays because the investigators used amplicons of differing lengths and targets. The amplicon size was 87 bp for the digital PCR assay, whereas it was 137 bp for the real-time qPCR assay. This feature might not have been relevant were it not for the observation that cell-free DNA is fragmented, probably into apoptotic nucleosomal fragments, and that fetal cell-free DNA fragments are generally smaller than those of maternal origin (8, 9 ) .
We therefore investigated this aspect in further detail. Conventional real-time qPCR assays have amplicon sizes that are longer, approximately 80 -140 bp. We made use of another approach, a universal template (UT) for probe hybridization that is linked to the 5Ј end of one of the PCR primers (10 ) . This approach permitted us to devise a new real-time qPCR assay with an amplicon size of only 50 bp for the DYS14 locus.
This retrospective study used banked maternal plasma samples stored at Ϫ80°C. All samples were analyzed in a blinded manner. For the determination of fetal sex, we obtained maternal blood samples from 51 pregnant women, 31 with a male fetus and 20 with a female fetus. Data are presented only for the women with a male fetus, of which 24 samples were from the first trimester (median gestational age, 12 ϩ 4 weeks), 6 samples were from second-trimester pregnancies (median gestational age, 25 ϩ 4 weeks), and 21 samples were from third-trimester pregnancies (median gestational age, 35 ϩ 6 weeks). See Table 1 in the Data Supplement that accompanies the online version of this Brief Communication at http://www.clinchem.org/ content/vol56/issue1. The Institutional Review Board of University Hospital, Basel, approved the study.
Plasma from maternal blood samples was processed and stored as described previously (5, 8 ) . Cellfree DNA was extracted from 500 L plasma and eluted into 50 L elution buffer with a commercially available manual column technology (High Pure PCR Template Preparation Kit; Roche) according to the manufacturer's instructions.
To detect and quantify cell-free fetal DNA, we used an Applied Biosystems ABI Prism 7000 Sequence Detection System with previously established real-time qPCR assays for the DYS14 locus. The assays were either a real-time qPCR assay with conventional hydrolysis probes and a longer amplicon (5 ), or the new UTqPCR assay with a shorter amplicon (see the online Data Supplement for full details). All primers were synthesized by Microsynth, and PCR reagents were supplied by Eurogentec. The sequences of the primers and probes used for the short UT-qPCR assays are as follows: DYS-UT forward, aag ctc agt cat ttc cag gtg tgc gaa aGG GCC AAT GTT GTA TCC TTC TC (100 nmol/L final concentration); DYS-UT reverse, ACT AGA AAG GCC GAA GAA ACA CT (300 nmol/L); UT FAM-TAMRA probe, tcg cac acc tgg aaa tga ctg agc tt (200 nmol/L). The short UT sequence and the DYS14-specific sequence are indicated in lowercase and uppercase letters, respectively. The PCR cycling conditions were as follows: Uracil-N-glycosylase treatment at 50°C for 2 min, polymerase activation at 95°C for 10 min, and 45 cycles of 60°C for 1 min, 72°C for 45 s, and 95°C for 15 s. Cell-free fetal DNA concentrations were expressed as genome equivalents per milliliter of maternal plasma. All samples were run in duplicate. For statistical analysis, we used the Wilcoxon signed rank test in SPSS for Windows (SPSS). Statistical significance was set at P values Ͻ0.05. Data were presented as a scatterplot of cell-free fetal DNA concentrations measured with the 2 assays in relation to gestational age.
We discerned no qualitative difference between the use of the longer-amplicon conventional assay and the new short-amplicon UT assay for determining fetal sex with Y chromosome-specific sequences (DYS14). All 31 male fetuses were detected correctly. There were no false-positive results among the 20 samples with female fetuses (data not shown). Despite these early results for diagnostic accuracy, we recommend delaying the use of the described short UT qPCR assay for the noninvasive determination of fetal sex until the assay has been validated and appropriate cutoff values have been ascertained (5 ) .
Quantitatively, the short-amplicon UT assay detected, on average, almost 1.6-fold more cell-free fetal DNA than the real-time qPCR assay with conventional hydrolysis probes and a longer amplicon ( Fig. 1 ; Table  1 in the online Data Supplement), a difference that was statistically significant (P Ͻ 0.001). This observation held true for almost all of the 31 samples containing male cell-free fetal DNA. Our results indicate that the use of shorter amplicons in the real-time qPCR assay increases the number of cell-free fetal DNA molecules detected in maternal plasma. This nearly 1.6-fold increase in the detection of cell-free fetal DNA with the short-amplicon UT assay compared with the real-time qPCR assay with conventional hydrolysis probes and a longer amplicon ( Fig. 1 ; Table 1 in the online Data Supplement) is very close to the improvement recently noted for a digital PCR approach over a conventional real-time qPCR assay with a longer amplicon (7 ) . This report (7 ) discussed the idea that this increase could be due to the more precise assessment of cell-free fetal DNA concentrations with digital PCR than with the analog real-time qPCR method. An aspect not addressed in detail was the issue of the different-sized PCR amplicons used in the experiment (87 bp for the digital PCR assay and 137 bp for the real-time qPCR assay).
Amplicon length may be a salient issue, because cell-free DNA has previously been shown to be fragmented, with a ladder pattern of fragments reminiscent of patterns seen after oligosomal cleavage in apoptosis, and because cell-free fetal DNA molecules are generally smaller than comparable maternal molecules (8, 9 ) . These previous studies suggested that the majority of cell-free fetal DNA molecules are Ͻ300 -500 bp; however, given that these studies were not very detailed in nature, it is possible that the majority of cell-free fetal DNA molecules may be even smaller, perhaps Ͻ200 bp. Because both the digital PCR study and our new study detected increased amounts of cell-free fetal DNA with shorter DNA amplicons, the combined data do suggest a that a substantial proportion of these molecules are smaller in size than what can be detected reliably in real-time qPCR assays with larger amplicons. This issue will need to be addressed further in a more detailed analysis. The fact that greater quantities of cell-free fetal DNA are detected in PCR assays with short amplicons suggests that this approach may be useful to increase the sensitivity of detection in samples in which the amount of cell-free fetal DNA is limiting, such as in samples taken early in pregnancy (6 ) .
